Abstract. In order to examine the relationship between crowding and growth rate in green hydra (Hydra viridis), we raised animals at various levels of fixed population densities; all new individuals in excess of the fixed densities were counted and removed every 4 days. A significant inverse relationship between population density and population growth rate exists. In addition, hydras were found to increase or decrease their growth rates in response to rapid changes of density after acclimation to fixed densities. The most dramatic effects were noted when the changes in degrees of crowding were greatest.
INTRODUCTION
The population growth rates of some aquatic organisms, like many terrestrial species, are depressed by high population densities. In many "cases a thorough analysis of the nature and impact of crowding has not been undertaken. Our study was designed to (1) confirm the inverse relationship between the asexual population growth rates (subsequently called growth rates) of green hydras, Hydra viridis, and their population densities; (2) determine the impact of rapid changes of densities on this rate; (3) investigate possible quantitative changes of algal cells and their pigments in relation to density stresses on the hydra; and (4) determine the effect on the growth rate of water-borne inhibitors produced by the hydra.
The importance of population density in the ecology of many organisms is well established. Studies with Daphnia (Frank et al. 1957) indicate that increased density is accompanied by a decreased birth rate, increased survival rate, and minimal changes in the death rate. Additionally, crowding affects various biological activities of hydra (Loomis 1956 , Loomis and Lenhoff 1956 , Park et al. 1961 , Davis 1966 , Lomnicki and Slobodkin 1966 . Loomis (1954) observed that as the density of a culture of brown hydra was allowed to increase progressively, growth rates declined. Yet Lytle et al. (1971) reported that the effect of previously crowded conditions on growth 1 Manuscript received January 10, 1974; accepted June 10, 1974. 2 Present address: National Marine Fisheries Service, Atlantic Estuarine Fisheries Center, Beaufort, NC 28516.
rates varied considerably between two species of green hydra (Chlorohydra viridissima and C. hadleyi). Past studies have neither determined the effect of various levels of crowding on the growth rates of continuously maintained densities of hydra, nor indicated evidence of the impact of rapidly changing densities on these rates.
The taxonomic status of the algal endosymbionts of green hydra appears questionable (Oschman 1967) . They have been referred to as Zoochlorella conductrix, Chlorella conductrix, or Chlorella sp., but are generally referred to as zoochlorellae. Zoochlorellae both augment the survival of their hosts (Muscatine 1965 , Muscatine and Lenhoff 1965 , Smith et al. 1969 ) and benefit from their symbiosis (Muscatine and Lenhoff 1965, Cook 1972) . Since this relationship appears mutualistic, stresses on the hydra may be reflected by qualitative and/or quantitative changes in the endosymbionts. Our study investigates changes in numbers of algae per packed volume of hydra, in quantities of chlorophyll and carotenoids, and in the ratio of these pigments extracted from the zoochlorellae.
Finally, this study examines the effect of potential water-borne inhibitors on the growth rate of the green hydra. The existence of a water-borne inhibitor has been suggested by others (Brown 1946 , Rose 1959a , b, Davis 1966 , Lomnicki and Slobodkin 1966 .
MATERIALS AND METHODS
Hydra viridis (synonymous with Chlorohydra viridissima: Oschman 1967 , Smith et al. 1969 (Muscatine 1961) .
On alternate days, the hydras were fed excess Artemia spp. nauplii for 1 h. Hydras were maintained in a growth chamber of the North Carolina State University Phytotron at a constant water temperature of 18° ± 0.5°C and under 12-h fluorescent illumination (1,000 ft. candles). All animals were kept in 8-cm (inner diameter) culture dishes with 40 ml of culture solution. Cultures were cleaned and the medium was changed on feeding days. Unless specified, we maintained populations at constant densities by counting hydras every 4 days and removing excess individuals. The change in numbers is expressed as new individuals per adult hydra per 4-day period, which is equivalent to a population growth rate. Since purely somatic growth in hydras results in an increased number of hydras in the culture, rather than an increased size of an individual (Loomis 1954) , counting hydras is an accurate measure of their growth rate. At the beginning of each experiment the hydras were randomly selected from stock cultures and added to the experimental culture dishes.
Effects of fixed density on growth rates We examined the effects of crowding on growth rates by maintaining populations at densities of 20, 70, 120 and 170 hydras per 40 ml culture solution. Initially, at least seven replicates of each density were cultured under standard conditions. At intervals, some of the replicates were removed (at least three remained at the end of the experiment) and quantitative changes in the algal cells and pigments were measured. Replicates with a decline in density of 10% or greater were eliminated. For convenience, the hydras used to maintain fixed densities were referred to as "adults." Generally, they were larger than those hydras designated as "new individuals" which were counted and removed every 4 days.
Effects of rapid changes in population densities
To analyze further the relationship between crowding and asexual reproduction we acclimated hydras to fixed densities (treatment 0) and then transferred them to greater or lesser population densities (treatment 1). Hydras were acclimated for 16 days to either 20 (uncrowded) or 160 (crowded) hydras per 40 ml of culture solution. In treatment 1 dishes of uncrowded hydras were combined to either 80 or 160 hydras or allowed to remain at 20 hydras per dish (control) for 12 days. Concurrently, dishes of crowded hydras were divided into replicates of 20 or 80 hydras, or kept as controls at 160 hydras per dish. The number of replicates for each density varied (between 4 and 7) during the acclimation period since varying numbers of hydras were required to begin treatment 1 (e.g., 32 dishes of hydras were required to produce 4 replicates of 160 hydras while only 16 dishes were necessary to produce 4 replicates of 80 hydras per dish). Again, animals were maintained under standard conditions and dishes of hydras were removed at specific intervals for analysis of the zoochlorellae.
Effects of crowding in hydra on endosymbionts Qualitative and quantitative changes in the endosymbionts in response to density stresses on their hydra host were investigated. As noted earlier, at intervals cultures of hydras were withdrawn and their endosymbionts were removed, counted, and spectrophotometrically analyzed for pigment content. To extract the algal cells, we centrifuged the hydras for 1 h at speed #5 of the I.E.C. International Clinical Centrifuge, and the packed hydra volume was recorded to the nearest five-thousandth of a milliliter. This step was necessary because the volume of individual hydra varies. The hydras were solubilized in 15% Triton X-100®. Three hemocytometric samples per test tube (5 ml) of solubilized hydras were taken and the algal cells were counted by means of a Spencer Bright-Line Hemocytometer. The solutions of solubilized hydras containing whole algal cells were then filtered through 0.45-^ Millipore membrane filters and washed with 10 ml of distilleddeionized water and 2 ml of magnesium carbonate suspension.
We performed a spectrophotometry analysis in darkness of chlorophyll, carotenoids, and phaeo-pigments using a modified technique of Strickland and Parsons (1968) . The Millipore filters were partially dissolved in 2 ml of 90% spectranalyzed acetone and ground with a tissue grinder for 3 min at 1,600 rpm. The volume then was brought to 5 ml, after which the samples were refrigerated in the dark for 20 h. The samples were then readjusted to 5 ml and allowed to warm to room temperature. After centrifugation for 10 min at 4,000 rpm, the supernatant was decanted into 1 cm light path, silica cuvettes. The extinction coefficients were recorded at 430, 480, 630, 645, 665 and 750 nm with a Beckman-DU Spectrophotometer and expressed as milligrams of pigments per packed volume of hydras.
Corrections were made for "cell-to-cell" variations of the sample cells against the reference cell, and for non-pigment turbidity absorptions. Final calculations of pigment concentrations were adjusted to their equivalents in 10 cm cuvettes with 10 ml of acetone.
Concentrations of pigments were calculated from Strickland and Parsons (1968) : mg (or m-SPU) pigment/mm 3 PHV = C/V, where V is the packed hydra volume (PHV) in mm 3 , m-SPU is millispecific plant unit (approximately 1 mg of dry pigment), and C is a value obtained from the following equations (E stands for extinction values):
C (chlorophyll a) = 11.64 E665 -1.31 E645 -0.14 £630 C (Chlorophyta plant carotenoids) = 4.0E480.
Investigation of water-borne inhibitors
A final experiment was designed to investigate the effects on asexual reproduction of possible waterborne inhibitors. Four replicates of crowded hydra dishes (160 hydras per dish) were acclimated under standard conditions for 12 days (treatment 0). The replicates then were pooled and subsequently divided into 16 dishes of 20 hydras per 40 ml. Similar to Davis (1966) , test groups included (1) FCM, hydras in fresh culture medium; (2) CCM, hydras in crowded culture medium; (3) HCCM, hydras in heated CCM; and (4) UCCM, hydras in uncrowded culture medium. Culture medium was obtained from 2-day-old crowded medium (160 hydras per dish) and passed through untreated coarse filter paper. Half of this medium served as CCM; the other half was first boiled for 2 min (destroying any proteins which might be present), cooled to room temperature, and then used as HCCM. UCCM was obtained from 2-day-old uncrowded culture medium (20 hydras per dish). The growth rates of these groups (treatment 1) were recorded for 12 days.
Growth rates for all experiments were compared by the analysis of variance procedure and Duncan's Multiple Range test as programmed in the Statistical Analysis System (SAS) of the North Carolina State University's IBM 360 computer. The SAS compared (1) slopes of population lines, (2) mean growth rates, and (3) time-population interactions (Time*Pop.) i.e., the effect of time on each population.
RESULTS

Effects of fixed density on growth rates
An inverse relationship exists between fixed population density and population growth rate. Figure 1 illustrates the effects of crowding on growth rates (mean number of new individuals per adult hydra), where each point designates the average growth rate for replicates at a fixed density. Growth rates peaked after 16-20 days in dense populations (120 and 170 hydras per dish), after 24-32 days at an intermediate density (70 hydras per dish) and after 32-48 days at the lowest density (20 hydras per dish).
The mean growth rate for every replicate was calculated over time and plotted against initial numbers of adult hydras. The population regression line in Fig. 2 represents the mean predicted value for growth rates at each density. The standard error of Y indicates that the actual data conform closely to predicted values. An analysis of the slope of the population regression line suggests that as crowding increases asexual reproduction decreases (f-test, P< 0.0001).
Effects of rapid changes in population densities
Results of these experiments support the conclusions of the fixed-density experiment and also indicate that hydras are affected by rapid changes in population densities. Changes in growth rates were most dramatic when population densities were altered by the greatest amount (e.g., when population densities are increased from 20 to 160 hydras or decreased from 160 to 20 hydras per dish).
Effects of rapidly increased population densities. -Although the three hydra populations in treatment 0 (Fig. 3) were of equal density, the slopes of their lines are significantly different (F-test: P < 0.05). However, the mean growth rates of these populations in this period are similar (2.43, 2.58, and 2.37) in comparison to mean growth rates for other densities (Fig. 2) . Time affected each of the three populations in a similar manner (Time*Pop.; F-test: P > 0.05).
In the density-change period (treatment 1; Fig. 3 ), the densities of populations B and C were increased while population A was left uncrowded. The slopes of the plotted growth rates for these populations are significantly different (F-test: P < 0.003). Additionally, time affects each population during this period in a different manner (Time*Pop.; F-test: P< 0.001).
Mean growth rates for populations A, B, and C were calculated for each time unit in treatment 1. We compared averages of these means for each population using the Duncan Multiple Range test. Although the slopes of the lines A, B, and C are significantly different (F < 0.05; based on 79 observations), the Duncan Multiple Range test (based on 12 values of mean growth rates) indicates no significant differences (P > 0.05) between means of populations. This discrepancy could have occurred because the population lines diverged from closely spaced points. Had the experiment been longer, the effect of the original points of divergence on the means of the lines would have been less, and therefore the multiple range test probably would have indicated significant differences.
Effects of rapidly decreased population densities. -Effects of rapid decreases in crowding are shown in Fig. 4 . Populations D, E, and F were analyzed similarly to populations A, B, and C, but were more consistent with expected results. Populations D, E, and F were not significantly different during treatment 0 (all replicates at a density of 160 hydras per dish). Likewise, the effects of time on growth rates were not significantly different (Time*Pop., F-test: P > 0.05).
After undergoing changes in density (treatment 1), the population lines diverged. Both the slopes of the lines and the time population interactions were significantly different (F-test: P< 0.0001). The Duncan Multiple range test of populations D, E, and F indicates that the control population is significantly different from the population undergoing the greatest decrease in crowding (P<0.01). Results of the least significant difference test, which analyzes the means of the populations, were similar to those of the Duncan Multiple Range test.
Effects of crowding in hydra on endosymbionts
As noted earlier, cultures of hydras were withdrawn at specific intervals for analysis of their endosymbionts. No correlations were evident between stresses of increased crowding of hydras and quantities of algal cells per packed volume of hydras. Likewise, no correlations in numbers of endosymbionts over time were detected. Senescent populations and those under stress tend to have higher carotenoid to chlorophyll a pigment ratios, possibly indicating changes in primary productivity (Margalef 1968) . Despite the large variations in amounts of chlorophyll a recorded for Experiments I and II, no significant differences (x 2 : P > 0.90) in pigment ratios were detected.
Investigation of water-borne inhibitors
Since no evidence was obtained that algal numbers and pigment ratios were responsible for the variable growth rates in response to crowding, the possibility of a water-borne inhibitor was examined. Regression analyses of the slopes of the population lines in treatment 1 (Fig. 5) indicate highly significant differences between populations and in time-population
